Abstract. We provide a review on the applications of whispering gallery mode resonators in sensing, and biosensing in particular. We highlight the most recent developments in this area, which were presented at the 560. WE Heraeus Seminar "Taking Detection to the Limit -Biosensing with Optical Microcavities".
Introduction
Optical microcavities are ideal transducers for detecting biomolecules and their interactions: Light confined in a dielectric microstructure, for example by total internal reflection (TIR) in a glass microsphere, is brought to repeated interactions with the biomolecules, thereby enhancing the signal for detection. The internally reflected light traces out its circular optical path many times, exciting a so called whispering gallery mode (WGM). A WGM is an optical resonance localized closely to the rim of the resonator with a high quality (Q) factor, i.e. narrow linewidth [1] . TIR also sets up an evanescent field at the microsphere's surface where the light interacts with the biomolecules in the surrounding medium. Binding of molecules at the microsphere surface causes the WGM resonance frequency to shift. The high Q factor results in a narrow linewidth which allows the detection of minute frequency shifts due to binding of nanoparticles or biomolecules [2] [3] [4] [5] [6] , Fig. 1 . By functionalizing the microsphere surface with specific biomolecular receptors attached to gold nanorods, a WGM transducer can resolve the specific detection of even single oligonucleotides [7] , enabling biosensing experiments at the single molecule level.
Biosensors are devices that transduce the interaction events between biomolecules into detectable optical or electrical signals. The analysis of biomolecular interactions is necessary since specific detection in biology relies on monitoring receptor molecules a e-mail: frank.vollmer@mpl. interacting with their target analytes. For example, oligonucleotide receptors are used for specific detection of nucleic acids, and antibodies are used for specific detection of proteins. WGMs enable real time detection of such interactions, with high sensitivity and time resolution [7] [8] [9] [10] [11] [12] [13] . However, the applications of WGMs as transducers are by far not only limited to biosensing but they can find broad applications as nanoparticle and virus analyzers [14] [15] [16] [17] , for measurements of the viscosity of a fluid [18] , as refractive index sensors [19, 20] , monitors of unspecific protein adsorption, down to single proteins [21, 22] , as metal ion detectors [23] , as thermometers [24] , detectors of heavy water [25] , for determining absolute absorption cross sections [26] , tuning of WGMs on-chip [27, 28] , and for monitoring water adsorption [29, 30] , to name a few. Developing these varied applications provides a solid ground for improving this technology and cross-fertilizing its different implementations, which taken together have great importance in health care, environmental monitoring, and fundamental studies in the life sciences. The WGM resonance signal is typically acquired by swept-wavelength scanning of a tunable laser source: a computer controlled external cavity diode laser is scanned, for example every millisecond, to acquire the spectral response of the sphere and determine its resonance frequency, linewidth and amplitude by computer based fitting algorithms [31] . Evanescent field couplers are used to direct the light into the microsphere and excite WGM, examples are prism couplers [7, 32, 33] and taper and waveguide couplers [3, [34] [35] [36] [37] [38] . More recently also free space coupled microcavities have been explored in biosensing, which require no coupling device and open up interesting nanoparticle sensing applications by monitoring linewidth change [16] . Also lower Q fluorescent cavities have been explored for WGM biosensing, in which case a spectrometers is used to resolve the fluorescent WGM spectra, with demonstrations of interesting in vitro as well as in vivo applications [39] [40] [41] [42] . 
Biodetection mechanisms
Molecules are most sensitively detected by tracking the shift of WGM frequencies [7] . Theories have been developed to quantitate the frequency shift signals, by tracking one or more WGMs during molecular interaction events, thereby determining the number of molecules bound to the microcavity, deduce their binding orientation, as well as determine the thickness of an adsorbed layer [2, 31, 34, [43] [44] [45] [46] [47] [48] . These analysis have been extended to other resonator geometries such as liquid core ring resonators [47] , and also many simulation and theoretical tools have been developed in this context [41, [49] [50] [51] . Quite often, the analysis of relative frequency shift signals in for example ring resonators suffices for many biosensing applications [12, 13, 17, 52] . Another method particularly suitable for nanoparticle analysis, virus detection, and adlayer detection is based on tracking linewidth changes of WGM resonances, where it has been shown that depending on the size of the nanoparticle, the linewidth shift can be more sensitive as compared to the frequency shift [16, 26, 31] . Furthermore, when operating with particularly high Q resonators, the interaction of WGMs with nanoparticles can result in mode splitting [14, 53] , and by combining the mode splitting with linewidth measurements it is possible to determine the size of a nanoparticle, independent from its binding location on the microcavity [14, 54, 55] . The mode split analysis is particularly important because it allows the suppression of the common mode noise inherent to both split modes, thereby suppressing for example temperature and bulk refractive index fluctuations. WGMs cannot only be examined in the frequency domain, quite recently approaches in the time domain have been introduced. For example, locking to a WGM mode allows real time detection at high time resolution [56, 57] . Furthermore, cavity ring down spectroscopy has been explored with microsphere cavities, opening up the possibility to apply methods established with other cavity geometries to the WGM domain [26, [58] [59] [60] . Toroidal but also microspherical cavities allow the simultaneous excitation of optical and coupled mechanical modes such that frequency side-bands are created due to the mechanical vibrations, typically in the MHz to GHz range [61, 62] . It has been shown that the mechanical vibrations can be sustained in a liquid core optical ring resonator, a liquid filled capillary that enables the determination of the mechanical properties of a sample, such as viscosity, which can change for example by the amount of dissolved glucose [18] . First steps towards adding Raman spectroscopy to microcavity biosensing were taken recently: trapped particles on a ring resonator were utilized to enhance and collect the Raman signal of a model analyte [63] . Furthermore, the trapping of nanoparticles can find utility in size spectroscopy of particles, and enhancing measurement signals [64] [65] [66] [67] .
Microresonator geometries, materials and coatings
Light can be confined resonantly in all kinds of materials and geometries, see Fig. 2 . These vast implementation opportunities raise many interesting questions related to the engineering aspects of practical sensor devices. Many different cavity geometries have been explored in this vein, microspheres [68] , toroidal shaped cavities [25, 69] , goblets [70] [71] [72] , hollow core resonators [47] , microbubbles [73, 74] , bottle resonators [75] [76] [77] [78] [79] [80] , polymer ring resonators [81] [82] [83] , silicon ring resonators [5, 84, 85] , silicon ring resonators in reaction tubes and on fiber ends [86, 87] , as well as other ones.
Material systems range from different glass microcavities, to silicon and silicon nitrate [4] . The ultimate Q factor is material limited and Table 1 gives an overview of Q factors that have been demonstrated for different geometries and materials. The highest achieved Q factors are found within crystalline materials [88] . Crystalline materials are very promising as they can be ultra high Q, birefringent, and possess second order non-linearities. The high quality allows for narrow linewidth lasing [89] [90] [91] and the birefringence allows for example for temperature stabilization techniques [92] and complex polarization behaviors [93] . The detection of biomolecules, such as adsorption of bovine serum albumin often serves as a first experiment to test the detection limits of a particular optical microcavity [34, 94, 95] . For biosensing, the microcavities are further modified with molecular receptors so that the microcavity transduces specific molecular interaction events into an optical signal. Such biosensing demonstrations have been performed Fig. 3 . Plasmonic nanoantennas coupled to microcavities enhance sensitivity in biodetection. A) A molecule binding to a plasmonic nanoantenna coupled to a WGM microcavity experiences field strengths that are enhanced in proportion to E 2 /E 2 0 , boosting the frequency shift upon binding. Adapted from [94] . B) Unspecific adsorption of single BSA proteins to a plasmonic nanoparticle C) appear as steps in the WGM wavelength shift signal Δλ. Inset: as expected, no such steps are resolved in the linewidth trace Δγ, data is taken from [103] , for further references see text.
with various receptor molecules including antibodies [8] , oligonucleotides [10, 12] , aptamers [96] , immobilized phage proteins [97] , etc. In the quest of improving the detection limits towards resolving single molecules, very recently plasmonic enhancements, Fig. 3 , have been introduced as means for boosting the frequency shifts in WGM biosensing [49, 94, 95, [98] [99] [100] [101] , bringing single molecule detection within reach. First demonstrations of enhanced signals have been shown for the unspecific adsorption experiments with bovine serum albumin protein BSA, achieving detection limits down to single proteins and femotomlar concentration levels [22, 94, 95, 102, 103] . Biosensing on the single molecule level was demonstrated by monitoring interactions with specific nucleic acid receptor oligomers, discriminating matching and mismatched strands from their markedly different interaction kinetics [7] . This plasmon enhanced biosensing approach introduces an important paradigm for analysis of single molecules with optical microcavities, requiring the functionalization of a single molecule biosensor with a receptor molecule that interacts with its target molecule only transiently. This allows the proof of single molecule biosensing in experiments that monitor many single molecule interactions for statistical analysis. A Poisson statistics is expected for the time intervals between interaction events, and on-rate constants should follow a linear concentration dependence, governed by a first order rate equation in the single molecule regime [7] .
EPJ topical issue "Taking Detection to the Limit"
The articles in this EPJ special topics issue highlight some of the most recent advances in WGM detection, presented at the 560. WE Heraeus Seminar "Taking Detection to the Limit" -Biosensing with optical microcavities which took place in Bad Honnef, I. Hollow Core Resonators: This minireview by Ward et al. [104] gives an excellent overview of the many applications of hollow whispering gallery microcavity resonator sensors. A tutorial introduction explains the confinement of light in the hollow core, capillary WGM-based resonators, and highlights the sensing mechanisms utilized for these devices. Different fabrication methods and many examples for applications of hollow WGM resonators are presented: pressure sensing, gas and temperature sensing, as well as refractive index-and biosensing. Sensing with liquid core lasers is also reviewed, a very recent approach amenable for WGM biosensing. The minireview is followed by an article by Zhu et al. [105] which shows the utility of hollow WGM resonators as optomechanofluidic sensors. Optical modes interact via mechanical modes excited in the hollow core resonators with a viscous fluid flowing through the core. Numerical simulations are used to estimate the mass sensing capabilities, as well as possibility of extracting other mechanical fluid properties such as density and speed of sound in only nanoliters of sample volume. Sensitivity limits to single particles or cells are given, showing possibility for extracting mechanical properties in biosensing applications using hybrid-shell modes operating in the MHz to GHz range.
II. WGM Theory: Yu et al. [106] present a new approach towards numerical analysis of WGM modes which considers the WGMs as straight waveguides, bent to form a closed loop. Analysis of the cavity mode and calculation of Q factor is presented. This method can apply to any WGM structure, and may include metal coatings. The WGM structure in coated microspheres is examined by Ristic et al. [107] . In particular, high refractive index coatings are examined and it is found that the sensitivity to bulk refractive index sensing can be increased by several orders of magnitude. A first experimental realization of a silica microsphere coated with amorphous silicon is shown to have a Q factor of ∼ 4 × 10 5 .
III. WGM Resonator materials:
The paper by Foreman et al. [108] introduces liquid droplet WGM resonators for nanoparticle analysis. The concentration of a nanoparticle suspension in the droplets can be detected with higher sensitivity as compared to a glass microsphere immersed in the same nanoparticle solution. Detailed theory is presented, considering sensing mechanisms by frequency and linewidth shifts as well as mode splittings. First experiments show utility of this approach for determining the concentration of gold nanoparticles in a droplet of paraffin oil. Zeltner et al. [109] introduce crystalline disk WGM resonators for refractive index sensing. A 2.9 mm radius MgF 2 disk with a refractive index only slightly higher than water shows refractive index sensitivity of more than 1 nm/RIU, due to the evanescent field length which is much longer as compared to similar sized silica spheres. Murib et al. [110] introduce a sapphire microsphere for biosensing. WGM spectra are determined from scattered light of a 500 µm radius microsphere with Q ∼ 10 4 and an autocorrelation analysis is performed. Application for DNA sensing is discussed. In a similar scattering setup Gökay et al. [111] examine the WGMs of a silicon microsphere resonators and report Q factors up to 10 5 in a 500 µm silicon microsphere. Utility for biosensing is discussed.
IV. Resonant Geometries/Structures: The properties of two vertically stacked and coupled silicon ring resonators are discussed by Campanella et al. [112] . The authors use full vectorial 3D FDTD methods in their simulations. The sensitivity to a streptavidin adlayer is predicted. Amini et al. [113] mount fluorescent WGM polystyrene microbeads modified with quantum dots on AFM cantilevers. Their system is used to sense integrin accumulation and formation of focal adhesions at the surface of cells. Kosma et al. [42] integrate a ∼6 µm high index BaTiO 3 microsphere inside a microstructured optical fiber which they use to excite WGMs. The microbeads are excited by a supercontinuum laser source and WGMs are detected in scattering spectra acquired using a spectrometer. A 532 nm "pump" laser is used to demonstrate photorefractive tuning of the modes.
V. WGM Combined with Fluorescence: Bischler et al. [114] present a comprehensive paper on the development of an in vitro diagnostic WGM system based on fluorescent low Q microbeads. WGM analysis, numerical evaluation, sensor conditioning, fluid handling, and control of the overall device are addressed. Peformance of the sensor system is evaluated and compared with other label free techniques such as SPR and QCM. Lastly, Aas et al. [115] report on FRET lasing from self assembled DNA structures excited in droplet resonators. Tetrahedral DNA complexes labeled with Cy3 and Cy5 dyes are excited in microdropelts on superhydrophobic surfaces. This work features the combination of DNA nanotechnology with microdroplet lasers to demonstrate an approach for biosensing and novel photonic devices.
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